The activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (hydroxymethylglutaryl-CoA reductase) was considerably inhibited during incubation with ATP + Mg2+. The inactivated enzyme was reactivated on further incubation with partially purified cytosolic phosphoprotein phosphatase. The inactivation was associated with a decrease in the apparent Km of the reductase for hydroxymethylglutaryl-CoA, and this was reversed on reactivation. The slight increase in activity observed during incubation of microsomal fraction without ATP was not associated with a change in apparent Km and, unlike the effect of the phosphatase, was not inhibited by NaF. Liver microsomal fraction from rats given cholesterol exhibited a low activity of hydroxymethylglutaryl-CoA reductase with a low apparent Km for hydroxymethylglutaryl-CoA. Microsomal fraction from rats fed cholestyramine exhibited a high activity with a high Km. To discover whether these changes had resulted from phosphorylation and dephosphorylation of the reductase, microsomal fraction from rats fed the supplemented diets and the standard diet were inactivated with ATP and reactivated with phosphoprotein phosphatase.
The activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (hydroxymethylglutaryl-CoA reductase) was considerably inhibited during incubation with ATP + Mg2+. The inactivated enzyme was reactivated on further incubation with partially purified cytosolic phosphoprotein phosphatase. The inactivation was associated with a decrease in the apparent Km of the reductase for hydroxymethylglutaryl-CoA, and this was reversed on reactivation. The slight increase in activity observed during incubation of microsomal fraction without ATP was not associated with a change in apparent Km and, unlike the effect of the phosphatase, was not inhibited by NaF. Liver microsomal fraction from rats given cholesterol exhibited a low activity of hydroxymethylglutaryl-CoA reductase with a low apparent Km for hydroxymethylglutaryl-CoA. Microsomal fraction from rats fed cholestyramine exhibited a high activity with a high Km. To discover whether these changes had resulted from phosphorylation and dephosphorylation of the reductase, microsomal fraction from rats fed the supplemented diets and the standard diet were inactivated with ATP and reactivated with phosphoprotein phosphatase.
Inactivation reduced the maximal activity of the reductase in each microsomal preparation and also reduced the apparent Km for hydroxymethylglutaryl-CoA. There was no difference between the preparations in the degree of inactivation produced by ATP. Treatment with phosphatase restored both the maximal activity and the apparent Km of each preparation, but never significantly increased the activity above that observed with untreated microsomal fraction. It is concluded that hydroxymethylglutaryl-CoA reductase in microsomal fraction prepared by standard procedures is almost entirely in the dephosphorylated form, and that the difference in kinetic properties in untreated microsomal fraction from rats fed the three diets cannot be explained by differences in the degree of phosphorylation of the enzyme.
The liver plays an important role in the homoeostasis of sterol in the body. It supplies the majority of the endogenously synthesized cholesterol, and can alter the rate of synthesis to accommodate the changing requirements for cholesterol in the whole animal. Thus, variations in the intake of cholesterol from the diet, or in the rate of return of bile acids from the enterohepatic circulation, are associated with compensatory changes in the rate of cholesterol synthesis in the liver. The rate-limiting step for the biosynthesis of cholesterol is considered to be the reduction of 3-hydroxy-3-methylglutaryl-coenzyme A to mevalonic acid (Rodwell et al., 1973; Dietschy & Brown, 1974) catalysed by the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase (hydroxymethylglutaryl-CoA reductase; EC 1.1.1.34). It has been shown with many tissues that changes in the activity of the enzyme closely follow changes in the overall rate of cholesterol synthesis over a wide variety of experimental conditions. The molecular mechanism by which the activity of hydroxymethylglutaryl-CoA reduct-ase is altered in vivo is not clear. It has been accepted for a number of years that the activity of the enzyme can be controlled at the level of protein synthesis or degradation (Rodwell et al., 1973) . However, a number of recent observations cannot be adequately explained by such a mechanism and have suggested that the activity of hydroxymethylglutaryl-CoA reductase can also be modulated directly (Higgins & Rudney, 1973; Brown & Goldstein, 1974) .
We have proposed that hydroxymethylglutarylCoA reductase can be influenced by the size of a pool of cholesterol in the endoplasmic-reticular membrane in the immediate environment of the enzyme (Mitropoulos & Venkatesan, 1977) . In rat liver, the decrease in the activity of hydroxymethylglutaryl-CoA reductase that follows the administration of dietary cholesterol (Mitropoulos & Venkatesan, 1977) , intravenous mevalonic acid (Mitropoulos et al., 1978b) or unsaturated dietary fat (K. A. Mitropoulos, unpublished work) is associated with an increase in the size of this pool of cholesterol. The increase in the activity of the enzyme after the partial interruption of the enterohepatic circulation (Mitropoulos & Venkatesan, 1977) , biliary obstruction (Mitropoulos et al., 1979) or Triton WR-1335 administration (Mitropoulos et al., 1978a ) is associated with a decrease in the size of the pool.
In 1973, it was reported that the activity of hydroxymethylglutaryl-CoA reductase was reduced after incubation of the microsomal fraction with ATP + Mg2+ (Beg et al., 1973) , and that this effect could be reversed by incubating the inactivated enzyme with a protein fraction from the cytosol. This reversible inactivation of hydroxymethylglutaryl-CoA reductase was confirmed in several laboratories (Brown et al., 1975; Chow et al., 1975; Berndt et al., 1976; Nordstrom et al., 1977; George et al., 1978; Goodwin & Margolis, 1978) and has been attributed to covalent modification of the enzyme by a cycle of phosphorylation and dephosphorylation (Beg et al., 1978) . The demonstration in vitro that hydroxymethylglutaryl-CoA reductase can exist in an active and inactive form provides a possible mechanism for the rapid short-term regulation of the enzyme, although evidence that such a mechanism operates in vivo is lacking.
To discover whether the inactivation and reactivation of hydroxymethylglutaryl-CoA reductase that is associated with phosphorylation and dephosphorylation plays a part in the modulation of the enzyme by cholesterol in vivo, we have compared its activity and isothermic kinetics before and after modulation in vitro in microsomal preparations from rats given cholestyramine, cholesterol and the standard diet.
Materials and Methods
The sources of radiolabelled compounds and other materials used in the present work have been reported elsewhere (Mitropoulos et al., 1 978b) . Housing andfeeding ofrats Male Wistar rats weighing 180-220g were used for all experiments. The rats were kept under conditions of controlled lighting and feeding as described previously (Mitropoulos et al., 1973) . The composition of the standard diet and the preparation of the diets supplemented with cholesterol (2%) or with cholestyramine (5%) has been reported elsewhere (Mitropoulos et al., 1973) . Cholestyramine-fed rats were given cholestyramine-containing pellets for 4 days before the experiment. Cholesterol-fed rats were presented with cholesterol-containing pellets for 12h before the experiment. All rats were killed at 07:00h on the day of the experiment and the livers were removed at once.
Preparation of liver microsomalfraction and assay ofhydroxymethylglutaryl-CoA reductase
The livers were chilled on ice and perfused with ice-cold 0.25 M-sucrose to remove contaminating blood. The pooled livers from three rats in each group were then minced in a stainless-steel mincer and homogenized in 4 vol. of ice-cold 0.25 M-sucrose containing 1.5 mM-disodium EDTA, pH 7.4, with 25 strokes in a manually operated Potter-Elvehjem homogenizer. The microsomal pellet was obtained as described previously (Balasubramaniam et al., 1978) . The microsomal fraction was prepared by suspending the microsomal pellet in 50mM-imidazole/HCl buffer, pH7.4, containing 250mM-NaCl and 10 mM-dithiothreitol, with eight strokes in a Potter-Elvehjem homogenizer. The microsomal fraction contained, in each ml, the microsomes recovered from 0.5 g fresh weight of liver (8-10mg of protein).
The activity of hydroxymethylglutaryl-CoA reductase was measured in a portion of the microsomal preparation with 0.6ml of assay mixture in a total volume of 1ml. The assay mixture contained 0.1 M-potassium phosphate and 5 mM-dithiothreitol buffer, pH7.4, NADPH-generating system and DLhydroxymethyl[3-14C]glutaryl-CoA (sp. radioactivity 6Ci/mol) (Mitropoulos & Venkatesan, 1977) at the concentration indicated. Microsomal preparations from rats on the three dietary conditions incubated with 1 8OpM-DL-hydroxymethylglutaryl-CoA under the conditions of the present experiments gave enzyme activity that was in all cases linear with respect to time and to protein concentration (in the range used).
Phosphoprotein phosphatase
Phosphoprotein phosphatase in the 104OQOg supernatant fraction of rat liver was purified up to the ethanol-precipitation stage of the method described by Brandt et al. (1975) . The ethanol-precipitated material was extracted twice with 50mM-imidazole buffer, pH7.4, containing 5mM-EDTA and 0.5 mM-dithiothreitol, and the combined extracts were dialysed against the same buffer containing 50% glycerol. Phosphoprotein phosphatase in this preparation, assayed as the release of inorganic phosphate, exhibited a specific activity of 2.5 nmol/min per mg of protein with 3,uM-phosphorylase as substrate and 2.1 nmol/min per mg of protein with l0,uM-phosphorylated histone as sub-1980 strate. The activity was stable for at least 3 months if stored at -200C in the presence of 50% glycerol.
Results
Inactivation of hydroxymethylglutaryl-CoA reductase by A TP + Mg2+ and reactivation by phosphatase Preincubation of rat liver microsomal fractions in the presence of 2mM-ATP and 4mM-MgCl2 resulted in a time-dependent inhibition of hydroxymethylglutaryl-CoA reductase. Maximum inhibition under these conditions was obtained after 15-20min (Fig.  1) . The activity of the enzyme slightly recovered during further preincubation. Preincubation in the absence of ATP + Mg2+, or in its presence but with 25 mM-EDTA, produced a 30% increase in activity that was not inhibited by 50mM-NaF. The presence of 50mM-NaF during the assay of the enzyme resulted in a 100/o increase in activity, whereas the presence of 25mM-EDTA had no effect. Fig. 1 also shows the time-dependence of the reactivation reaction catalysed by the partially purified cytosolic phosphatase. With 2.75 mg of phosphatase preparation per mg of microsomal protein, a plateau activity was reached 30min after the addition of phosphatase. In this experiment, the reactivated enzyme exhibited an activity that was about 20% less than that assayed after 30min of preincubation with no additions, and 15% more than that assayed in the non-preincubated enzyme. The reactivation reaction was dependent on the concentration of phosphatase below 1 mg of phosphatase protein (results not shown), and was blocked by the presence of 50mM-NaF.
Preincubation of the microsomal fraction with ADP + Mg2+ also produced an inactivation of hydroxymethylglutaryl-CoA reductase. However, 50mM-imidazole/HCl/250mM-NaCl/5 mM-dithiothreitol (pH 7.4) buffer plus 2 mM-ATP and 4mM-MgCl2 (0) and were incubated at 370C. Control incubations contained no ATP or MgCI2 (U) or no ATP and MgCl2 but 50mM-NaF (Ol). All incubations contained 1.04 mg of microsomal protein.
At the indicated times, 0.2 ml of 50 mM-EDTA and 0.6 ml of assay mixture were added and the sample was incubated for 30min to assay the activity of hydroxymethylglutaryl-CoA reductase. For the reactivation reaction 0.2ml of 50mM-EDTA was added at the end of 30min and the reaction was initiated by the addition of 2.75mg of phosphatase. At the indicated time intervals 50mM-NaF and the assay mixture were added and the activity of hydroxymethylglutaryl-CoA reductase was determined in a final assay volume of 1 ml (A). Control incubations contained either no phosphatase or contained phosphatase together with 50mM-NaF (A). No difference between the two controls was observed. Portions of the microsomal fraction (8.25mg of protein) were incubated at 370C for 20min in a total volume of 2 ml containing 50mM-imidazole/HCI/250mM-NaCl/5 mM-dithiothreitol (pH 7.4) buffer plus 2 mM-ATP and 4 mM-MgCl2 for the inactivated, or no ATP or MgCI2 for the control. At the end of the incubation 2 ml of 50 mM-EDTA and 2ml of 150mM-NaF containing 25% glycerol were added to each preparation and 0.2 ml portions were removed to assay the activity of hydroxymethylglutaryl-CoA reductase in a total volume of 0.5 ml and in the presence of varied concentrations of (Mitropoulos & Venkatesan, 1977 ) that cholesterol or cholestyramine feeding produces considerable changes, not only in the activity of hydroxymethylglutaryl-CoA reductase in liver microsomes, but also in the apparent Km of the enzyme for hydroxymethylglutaryl-CoA. Apparent Km values were low in the microsomal fraction from rats given cholesterol, and high in microsomes from rats fed cholestyramine.
Since phosphorylation and dephosphorylation also produce a considerable modulation of the activity of hydroxymethylglutaryl-CoA reductase, we studied the isothermic kinetics of the enzyme in microsomes after inhibition with ATP + Mg2+ and reactivation with phosphatase. The microsomal fraction from rats fed the standard diet was incubated for 20min at 370C either with or without 2 mM-ATP + 4mM-MgCl2. Fig. 2 shows the double-reciprocal plots of reductase activity versus the concentration of substrate for the two preparations. Maximal activity (Vm..) for the preparation preincubated in the presence of ATP + MgCl2 was 26% of the corresponding value for the preparation preincubated without ATP+Mg2+. Inactivation with ATP also reduced the apparent Km for hydroxymethylglutaryl-CoA. Similar effects of inactivation on the Vmax and Km values of hydroxymethylglutaryl-CoA reductase were observed in another experiment with a different group of rats (Table 1 ). In this experiment, the inactivation reaction was stopped after 20min by the addition of 25mM-EDTA and the reactivation reaction was started by the addition of the cytosolic phosphatase. The incubation was continued for a further 30min and the phosphatase was inhibited by the addition of 50mM-NaF. Treatment with the phosphatase reversed the effect of ATP on both Vmax. and apparent Ki,m and actually increased the Vaax and Km values of the enzyme above those of the control preparation (Table 1) . Treatment of the non-inactivated microsomal preparation with cytosolic phosphatase for 30min at 370C resulted in a 30% increase in both V.,ax. and Km over the preparation preincubated in the absence of phosphatase (control). Both Vmax and Km values for the activated preparation were above the corresponding values for the reactivated preparation.
A comparison of the effects of activation, inactivation and reactivation on the isothermic kinetic constants of hydroxymethylglutaryl-CoA reductase in the microsomal preparation from rats fed the standard, cholesterol-supplemented and cholestyramine-supplemented diets Microsomal fraction was obtained from the livers of rats fed the standard diet or a diet supplemented Table l1 Effects of ATP + Mg2+ and phosphatase on the isothermic kinetic constants of hydroxymethylglutaryl-CoA reductase in microsomal preparation from rats given the standard diet Portions of the microsomal fraction (15mg of microsomal protein) were incubated at 370C for 20min in a total volume of 2 ml containing 50mM-imidazole/HCl/250mM-NaCI/5 mM-dithiothreitol (pH 7.4) buffer plus 2mm-ATP and 4mM-MgCI2 for the inactivating preincubation, or no ATP + Mg2+ for the control preincubation. At the end of this incubation 2ml of 5OmM-EDTA and 2ml of 150mM-NaF containing 25% glycerol were added to each flask and 0.2ml portions were removed to assay the activity of the enzyme. For the reactivation reaction 2ml of 5OmM-EDTA and 1 ml of phosphatase (18.4mg of protein) were added at the end of the inactivating preincubation, and the incubation was continued for 30min at 37°C. NaF (300mM, 1ml) was added and 0.2ml portions were removed to assay the activity of the enzyme. For the activation reaction a portion of the microsomal preparation (15mg of protein) was incubated at 370C for 30min in a total volume of 5ml containing 50mM-imidazole/HCl/ 250mM-NaCl/5mM-dithiothreitol (pH7.4) buffer plus 25mM-EDTA and phosphatase (18.4mg of protein). At the end of this incubation, 1ml of 300mM-NaF was added and 0.2ml portions were removed to assay the activity of the enzyme. The activity of hydroxymethylglutaryl-CoA reductase was assayed in all cases in a total volume of 0.5 ml and in the presence of various concentrations of given the standard, cholesterol-supplemented and cholestyramine-supplemented diets Three rats in each group involving animals given the standard diet, cholestyramine-supplemented or cholesterolsupplemented diet were killed at the same time and the livers from the rats in each group were pooled to prepare the microsomal fraction. The microsomal preparations were preincubated, activated, inactivated and reactivated as described in Table 1 . At the end of the treatment portions of each preparation were incubated in the presence of various concentrations of sp with 5% cholestyramine or 2% cholesterol as described in the Materials and Methods section. The microsomal preparations were preincubated either in the absence (control), or in the presence, of 2mM-ATP + 4 mM-MgC12 (inactivated). Inactivated microsomal preparations were reactivated by a further 30 min incubation in the presence of phosphatase. As expected, the Vmax of the enzyme in control microsomes was very low in the preparation from rats given the cholesterol-supplemented diet, very high in rats given the cholestyramine-supplemented diet and intermediate in the preparation from rats given the standard diet ( Table 2 ). The apparent Km value for hydroxymethylglutaryl-CoA was high in the preparation from rats given the cholestyraminesupplemented diet, intermediate from rats given the standard diet and low in the preparation from rats fed the cholesterol-supplemented diet. However, there was no difference between the preparations in the degree of inactivation produced by ATP and Mg2+. In all three, the inactivation reaction reduced the Vmax to about 20% of the value of the corresponding control preparation (Table 2) . Inactivation also resulted in a considerable decrease in the apparent Km for hydroxymethylglutaryl-CoA. The value for the inactivated preparation was 20% of that of the control preparation in rats given the standard diet, 32% of control values in rats given the cholesterol diet and 16% of control values in rats given the cholestyramine diet. Reactivation of all preparations resulted in a large increase in both Vmax and apparent Km to values slightly below those for the corresponding control preparations (Table 2) . Preincubation of non-inactivated microsomal preparations for 30min at 370C with phosphatase gave, in all cases, values of Vmax and apparent Km that Vol. 185 were similar to, or greater than, those observed with the reactivated microsomal preparations (Table 2) . Another experiment of the same design gave results similar to those in Table 2 .
Discussion
The original observation (Beg et al., 1973 ) that hydroxymethylglutaryl-CoA reductase in the microsomes is inactivated during incubation in the presence of ATP + Mg2+, and that the inactivated enzyme can be reactivated by incubation in the presence of cytosol, has been confirmed in a number of laboratories. Furthermore, Nordstrom et al. (1977) partially purified, from liver cytosol, an (ATP + Mg2+)-dependent inactivating system and a reactivating system that reversibly affected hydroxymethylglutaryl-CoA reductase activity, both in the microsomal fraction and when the enzyme was solubilized. Ingebritsen and his colleagues (Ingebritsen et al., 1978) have shown that the reductase-reactivating system may be replaced by a purified preparation of rat liver phosphorylase phosphatase. The present results are in complete agreement with these observations. Both the inactivation and the reactivation reactions were time-dependent and reactivation was dependent on the concentration of phosphorylase phosphatase. ADP could replace ATP in the inactivating system. Several other workers have also found that ADP could mimic the inactivation by ATP, although work on the specificity of various nucleotides in this process has been inconsistent (Goodwin & Margolis, 1978) .
The activation of hydroxymethylglutaryl-CoA reductase that occurs during preincubation of the untreated microsomal fraction was not inhibited by NaF. Thus this effect, which has been attributed to a reversible cold inactivation of the enzyme (Heller & Gould, 1975; Mitropoulos & Venkatesan, 1977) , is unlikely to be the same phenomenon as the reactivation or activation observed during incubation in the presence of phosphorylase phosphatase. Moreover, the reactivation or activation mediated by phosphorylase phosphatase results in an increase in both Vm.. and apparent Km for hydroxymethylglutaryl-CoA, whereas activation on preincubation in the absence of phosphatase results in an increase in Vmax with no change in apparent Km (Mitropoulos & Venkatesan, 1977) .
We have shown previously (Mitropoulos & Venkatesan, 1977 ) that feeding rats a diet supplemented with cholesterol results in a decrease in both Vmax and apparent Km for hydroxymethylglutarylCoA of hydroxymethylglutaryl-CoA reductase assayed in microsomes subsequently prepared from liver. In contrast, feeding with cholestyramine leads to an increase in both the Vmax and apparent Km. The results reported in the present paper show that treatment of microsomal preparations in vitro with ATP + Mg2+ results in a decrease in both Vmax and apparent Km. Furthermore, reactivation of inactivated microsomes is associated with an increase in apparent Km for hydroxymethylglutaryl-CoA reductase. Thus, qualitatively, cholesterol feeding produces a similar effect to inactivation in vitro and cholestyramine feeding produces a similar effect to reactivation or activation in vitro. However, the results also argue strongly against any possibility that the differences observed in untreated microsomal fraction from rats on the three diets can be explained by differences in the degree of phosphorylation of the reductase. Treatment with phosphatase did not significantly increase the Vmax or apparent Km in microsomes from animals given standard or high-cholesterol diets. Moreover, microsomes from each physiological condition were inactivated to the same extent by incubation with ATP + Mg2+, and were similarly reactivated by phosphorylase phosphatase. Nordstrom et al. (1977) have suggested that various phosphatases might act on hydroxymethylglutaryl-CoA reductase during homogenization of the tissue and isolation of the microsomes. This is a real possibility and, indeed, our data suggest that the enzyme in the microsomal preparations from rats on all three diets was fully dephosphorylated. Thus, there is little doubt that the modulation of hydroxymethylglutaryl-CoA reductase activity that follows cholesterol or cholestyramine feeding is not mediated through a mechanism involving phosphorylation or dephosphorylation of the enzyme. We do not exclude the possibility that the phosphorylation cycle could produce an effect in vivo, in addition to that produced by the concentration of cholesterol in the micro-environment of the enzyme.
We have previously provided evidence suggesting that the changes in activity and kinetic properties of hydroxymethylglutaryl-CoA reductase in the microsomal fraction after the administration of dietary cholesterol and of cholestyramine are due to changes in the fluidity of endoplasmic-reticular membrane brought about mainly by changes in the concentration of cholesterol in the environment of the enzyme. The observation that the enzyme solubilized from the microsomal fraction from rats given cholesterol or cholestyramine had identical apparent Km values for hydroxymethylglutaryl-CoA reductase (Mitropoulos & Venkatesan, 1977) supports the proposal that the enzyme interacts with its lipid environment.
In the present paper we demonstrate that modulation in vitro results in changes in the isothermic kinetic constants that are in the same direction as those produced by modulation in vivo by cholesterol. The extent to which the modulation in vivo and in vitro of hydroxymethylglutaryl-CoA reductase share a common mechanism requires further investigation.
